Understanding sex differences in the qualitative dimensions of exertional dyspnea may provide insight 51 into why women are more affected by this symptom than men. This study explored the evolution of the 52 qualitative dimensions of dyspnea in 70 healthy, young, physically active adults (35M:35F). 53
INTRODUCTION 72
Women have smaller lungs, smaller diameter airways, weaker respiratory muscles, and a decreased 73 surface area for pulmonary gas exchange relative to height and/or lung size-matched men (12, 23, 31, 74 34, 45, 49) . These sex differences may predispose women to greater respiratory system limitations 75 during exercise. For example, some have suggested that women may be at an increased risk of 76 developing expiratory flow limitation (21, 33) and exercise-induced arterial hypoxemia (24, 43) , but this 77 remains controversial (25, 48) . Women also have a higher total work of breathing than men for a given 78 level of ventilation (V E ) (20, 21) , which is driven by an increase in flow resistance due to their smaller 79 diameter airways (20) . Ultimately, these sex differences in respiratory mechanics result in a higher 80 oxygen cost of breathing in women relative to men during exercise (17) . The functional and/or clinical 81 consequences of these sex differences have not been adequately explored. However, it is reasonable to 82 speculate that sex differences in pulmonary anatomy and physiology may explain, at least in part, why 83 women self-report more troublesome activity-related dyspnea across the continuum of health and 84 chronic respiratory diseases relative to men (6, 10, 13, 15, 16, 19, 27, 32, 41, 44) . 85
86
Dyspnea is a complex sensation of breathing discomfort that consists of qualitatively distinct sensations 87 that vary in intensity (42). Only a handful of physiological studies have attempted to explain the 88 apparent sex differences in activity-related dyspnea (19, 41, 44) by focusing on dyspnea intensity rather 89 than on the qualitative aspects of dyspnea. These studies demonstrate that dyspnea intensity is elevated 90 for a given absolute metabolic or ventilatory requirement in women compared with men. However, 91 these sex differences often disappear when work rate and V E are adjusted for differences in body size 92 and/or maximal ventilatory capacity. Thus, women use a higher fraction of their ventilatory capacity for 93 any given absolute work rate or V E compared with men. Consequently, women will have relatively 94 higher levels of neural respiratory drive and contractile respiratory muscle effort requirements to 95 recommendations (1, 36, 50) using a commercially available cardiopulmonary testing system (Vmax 144 Encore 229, V62J Autobox; CareFusion, Yorba Linda, CA). Measurements were expressed in absolute 145 values and as a percentage of predicted normal values (4, 7, 11, 37) . 146
147
Exercise Protocol: Exercise testing was conducted on an electronically braked cycle ergometer 148 (Ergoselect 200P; Ergoline GmbH, Bitz, Germany). Tests started with a 6-min steady-state resting 149 period followed by a 1-min warm-up of unloaded pedaling and then 25 watt (W) increases in work rate 150 (starting at 25W) every 2-min until volitional exhaustion. Maximal work rate was taken as the highest 151 work rate that could be sustained for ≥30-sec. 152
153
Symptom Evaluation: Intensity of "breathing discomfort" (hereafter termed dyspnea intensity) was 154 defined as "the sensation of laboured or difficult breathing" and perceived "leg discomfort" was defined 155
as the "sensation of leg muscle fatigue". These symptoms were evaluated at rest, within the last 30-sec 156 of every 2-min stage of exercise, and at peak exercise using the modified 0-10 Borg scale (5). The 157 endpoints of the scale were anchored such that '0' represented "no breathing/leg discomfort" and '10' 158 represented "the most severe breathing/leg discomfort ever experienced or imagined." In addition to 159 comparing dyspnea intensity ratings at standardized work rates, we computed the slope relating dyspnea 160 intensity to V E for each subject using linear regression analysis. The dyspnea intensity/V E slope was 161 used as a global index of each subject's dyspnea intensity throughout exercise. Immediately following 162 the symptom intensity ratings, participants were asked to select the phrase(s) that best described their 163 breathing compared to the resting state once during every stage of exercise and at peak exercise using 164 the following 3 descriptors (28, 29): 1. "My breathing requires more work and effort" (work/effort); 2. 165 "I cannot get enough air in" (unsatisfied inspiration); and 3. "I cannot get enough air out" (unsatisfied 166 expiration). None to all 3 of the descriptors could be chosen at any one time. Participants were 167 by 10.220.32.247 on July 12, 2017 http://jap.physiology.org/ Downloaded from specifically instructed to select the phrase that "best" described their breathing but were permitted to 168 select more than one phrase only if the phrases applied equally to how their breathing felt. The onset of 169 "unsatisfied inspiration" and "unsatisfied expiration" was defined as the lowest work rate where 170 participants first selected these phrases. Immediately upon exercise cessation, participants were asked to 171 verbalize their main reason(s) for stopping exercise (i.e., breathing discomfort, leg discomfort, 172 combination of breathing and legs, or some other reason). In the minutes following exercise, 173 participants were given a modified questionnaire from Simon et al. (46) consisting of a list of 15 174 qualitative descriptors of breathing discomfort. Participants were instructed to select all of the 175 descriptors that applied to their breathing sensation at peak exercise. 176
177

Cardiorespiratory Responses to Exercise: Standard cardiorespiratory measures were recorded breath-178
by-breath and averaged over 30-sec epochs at rest and during exercise. Heart rate, blood pressure, and 179 oxygen saturation were monitored using a heart rate monitor (Polar T34; Polar Electro, Kempele, 180 Finland), manual sphygmomanometer, and pulse oximeter, respectively. Operating lung volumes were 181 derived from serial inspiratory capacity (IC) maneuvers performed at rest and during exercise as 182 previously described (18). Briefly, end-expiratory lung volume (EELV) was calculated as the difference 183 between total lung capacity and IC. End-inspiratory lung volume (EILV) was calculated as the sum of 184 EELV and tidal volume (V T ). All standard cardiorespiratory measurements were averaged between 185 1:00-1:30 of each 2-min exercise stage and were subsequently linked with symptom ratings and IC-186 derived measurements made between 1:30-2:00 of each 2-min exercise stage. This approach was used 187 to avoid contamination in breathing pattern responses that might occur while participants rated their 188 symptoms and performed IC maneuvers. Statistical Analysis: Comparisons between men and women for baseline characteristics and peak 191 exercise responses were conducted using unpaired t-tests. Comparisons for selected variables at 192 standardized submaximal work rates were conducted using repeated measures ANOVA. To determine 193 if group differences were present at various work rates, the interaction between group and work rate was 194 tested, followed by Bonferroni-adjusted post hoc comparisons when results were significant. Analyses 195 of log-transformed values were also performed on a few variables to determine if the ANOVA results 196 were sensitive to observed deviations from normality. The original results were reported when 197 conclusions remain unchanged following sensitivity analysis. Sex differences in the reasons for 198 stopping exercise and the qualitative descriptors of dyspnea were analyzed using Fisher's exact test. 199
Statistical significance was set at p<0.05. Data are presented as means ± SD unless otherwise specified. 200
201
RESULTS
202
Participants: Baseline subject characteristics are shown in Table 1 . As expected, men were taller, 203 heavier, and had larger lung volumes, higher expiratory flows, and stronger respiratory muscles. Both 204 groups were well matched for the majority of pulmonary function parameters when expressed as a 205 percentage of predicted normal values. All but four men and two women were above the lower limit of 206 normal for FEV 1 /FVC and all but 2 men and 1 woman were above the lower limit of normal for FEV 1 207 (22). Those participants that were below the lower limit of normal were only below by an average of 208 0.03 for FEV 1 /FVC and 0.17 l for FEV 1 . Men and women engaged in the same amount of self-reported 209 moderate-to-vigorous physical activity. Statistically significant group differences were observed for 210 BMI and age but absolute differences were small. 211
212
Peak exercise responses are shown in Table 2 . Compared with women, men had higher absolute work 213 rates and VO 2 values at peak exercise. Both groups were above predicted values for peak VO 2 with 214 by 10.220.32.247 on July 12, 2017 http://jap.physiology.org/ Downloaded from women achieving slightly higher percentage predicted values than men. On average, men and women 215 both achieved respiratory exchange ratios > 1.10 and near maximum heart rates and peak Borg ratings, 216 indicating that maximal effort was exerted to a similar degree in both groups. 217
218
Reasons for Stopping Exercise and Dyspnea Intensity: There were no sex differences in reasons for 219 stopping exercise (Figure 1 ). The majority of men and women terminated exercise due to either leg 220 discomfort alone (46% and 63% of men and women, respectively, p>0.05) or in combination with 221 breathing discomfort (40% and 20% of men and women, respectively, p>0.05). Women had 222 significantly higher dyspnea intensity/V E slopes compared with men (Table 2 ). Figure 2 shows dyspnea 223 intensity ratings in men and women during exercise. Women had significantly higher dyspnea intensity 224 ratings at standardized submaximal work rates. Dyspnea intensity ratings were also elevated in women 225 for a given V E relative to men but group differences disappeared when V E was expressed as a percentage 226 of MVV. was the sensation of increased "work/effort" in both men and women throughout submaximal and 231 maximal exercise. A small percentage of participants selected "unsatisfied inspiration" (men=23% and 232 women=23%) and "unsatisfied expiration" (men=9% and women=11%) at maximal exercise with no 233 differences between sexes. A total of 40% of female participants and 29% of male participants selected 234 "unsatisfied inspiration" whereas only 14% of females and 14% of males selected "unsatisfied 235 expiration" at some point during the exercise test. The onset of "unsatisfied inspiration" in those that 236 selected this phrase occurred at a significantly lower absolute work rate (166±54 vs. 258±62W, 237 p<0.001) and V E (74±30 vs. 123±36l/min, p<0.01) but at a similar relative work rate (80±21 vs. 238 by 10.220.32.247 on July 12, 2017 http://jap.physiology.org/ Downloaded from 90±17%Wmax, p>0.05) and V E /MVV (57±22 vs. 67±22%, p>0.05) in women vs. men, respectively. 239
The onset of "unsatisfied expiration" in those that selected this phrase also occurred at a significantly 240 lower absolute work rate (180±21 vs. 240±38W, p<0.05) and V E (74±17 vs. 126±33l/min, p<0.05) and 241 tended to occur at a lower relative work rate (78±14 vs. 90±7%Wmax, p=0.13) and V E /MVV (56±14 vs. 242 74±20%, p=0.14) in women vs. men, respectively. 243 244 Figure 4 shows the selection frequency of the 15 qualitative descriptors from the standard questionnaire 245 that was administered immediately after exercise. A significantly higher percentage of women selected 246 phrases describing inspiratory difficulty/unsatisfied inspiration ("My breath does not go in all the way", 247 "I cannot take a deep breath in", "I cannot get enough air in") and shallow breathing ("my breathing is 248
shallow") compared with men. In an exploratory analysis, we compared all baseline subject 249 characteristics and peak exercise responses in the women that selected "I cannot take a deep breath in" 250 to the women that did not select this phrase. We analyzed this phrase specifically because it showed the 251 greatest difference between sexes among the phrases alluding to inspiratory difficulty/unsatisfied 252 inspiration. A similar analysis was performed comparing those women that selected "my breathing feels 253 shallow" to those that did not. No statistically significant differences were observed between these 254 female subgroups for any baseline descriptive characteristics (e.g., pulmonary function, 255 anthropometrics, etc.) or peak exercise variables. 256 257 Ventilatory Responses: Ventilatory and breathing pattern responses are shown in Figure 5 . Men 258 achieved a significantly higher V E and V T at maximal exercise compared with women. Women had a 259 higher breathing frequency and lower V T during exercise at standardized absolute work rates and to 260 achieve the same absolute V E , particularly at 100 and 125W ( Figure 5 ). The ventilatory equivalent for 261 carbon dioxide was modestly but consistently elevated in women throughout submaximal exercise 262 intensities. Figure 6 shows operating lung volumes as a function of increasing work rate, V E , and 263 V E /MVV. Women had higher end-inspiratory lung volumes (%TLC) for any given absolute work rate 264
and V E but group differences disappeared when V E was expressed as a percentage of MVV. 265
266
DISCUSSION 267
This is the first study to comprehensively evaluate sex differences in both the intensity and qualitative 268 dimensions of exertional dyspnea in a relatively large group of healthy, young, physically active men 269 and women. The main findings of this study are fourfold: 1) Women had higher dyspnea intensity 270 ratings than men due in large part to their relatively reduced maximum ventilatory capacity; 2) 271
Perceived work/effort of breathing was the dominant qualitative descriptor throughout submaximal and 272 maximal exercise in both men and women; 3) More women selected dyspnea descriptors related to 273 inspiratory difficulty/unsatisfied inspiration and shallow breathing relative to men at volitional 274 exhaustion; 4) Women adopted a more rapid and shallow breathing pattern and have higher end-275 inspiratory lung volumes relative to TLC compared to men at absolute submaximal work rates, which 276 may partially explain sex differences in their qualitative descriptors of dyspnea. 277
278
Dyspnea is a debilitating and distressing sensation that can have a dramatic impact on quality of life. A 279 growing body of evidence suggests that women with asthma and chronic obstructive pulmonary disease 280 self-report more dyspnea during activities of daily living than their male counterparts even after 281 matching for disease severity (10, 15, 16, 27, 32) . The mechanisms underlying this sex difference have 282 only recently been investigated in a handful of physiological studies (19, 41, 44) . These studies 283 demonstrate that women have higher dyspnea intensity ratings during exercise for a given absolute work 284 rate, VO 2 , and V E ; however, dyspnea intensity ratings become similar between men and women when 285 the data are normalized to account for sex differences in body mass or maximal ventilatory capacity. 286 Indeed, our study has confirmed these observations (Figure 2 ). The present data coupled with the work 287 of others (19, 41, 44) demonstrate that sex differences in the intensity of perceived dyspnea during 288 exercise is related, at least in part, to the smaller lungs, narrower airways, and weaker respiratory 289 muscles that manifest as a relatively reduced maximal ventilatory capacity in women relative to men. 290 Thus, to perform the same standardized physical task, women will utilize a higher fraction of their 291 ventilatory capacity and will be more likely to experience ventilatory constraints at lower absolute work 292 rates and levels of V E relative to men. To build on these observations, new mechanistic insight into sex 293 differences in dyspnea can be gained by evaluating the qualitative dimensions of dyspnea in men and 294 women during exercise. 295
296
Unique to the present investigation was our detailed assessment of sex differences in the qualitative 297 dimensions of exertional dyspnea. To characterize the qualitative evolution of dyspnea during exercise, 298
we asked each subject to select the phrase(s) that best described their breathing at each standardized 299 submaximal work rate and at peak exercise (Figure 3 ). This approach has been used previously in 300 patients with asthma (28) and chronic obstructive pulmonary disease (29); however, to our knowledge, 301
we are the first to use this method in healthy participants. The results demonstrate that perceived 302 "work/effort" is the dominant qualitative descriptor of dyspnea in both men and women throughout 303 exercise. This finding supports the hypothesis that the proximate source of dyspnea in both healthy 304 young men and women is the awareness of increased central respiratory motor command output and 305 attendant central corollary discharge. These findings also support the hypothesis advanced by Schaeffer 306 et al. (44) that, during submaximal exercise, sex differences in the intensity of perceived dyspnea likely 307 reflect women's relatively higher neural respiratory drive and contractile respiratory muscle effort 308 requirements to support a given absolute work rate and/or ventilation. It is noteworthy that a small 309 percentage of participants in the present study selected "unsatisfied inspiration" and "unsatisfiedexpiration" during exercise with no differences between sexes. There was a tendency, however for 311 women to select "unsatisfied inspiration" and "unsatisfied expiration" at a slightly lower percentage of 312 peak work rate and at a lower V E /MVV, but this did not reach statistical significance. Our approach to 313 tracking the evolution of dyspnea during exercise was unique because participants were asked to select 314 only the phrase(s) that "best" described their breathing. Thus, selecting "work/effort" did not 315 necessarily mean that they were not experiencing "unsatisfied inspiration," but that "work/effort" (and 316 not "unsatisfied inspiration") was the dominant qualitative descriptor. To round off our qualitative study 317 of exertional dyspnea, we used a second tool to comprehensively characterize breathing sensation at 318 maximal exercise. 319
320
At end-exercise, we administered a well-established questionnaire listing different descriptors of 321 dyspnea, as used previously in healthy and clinical populations (38-40) and as shown in Figure 4 . A 322 significantly greater proportion of women selected phrases related to shallow breathing and inspiratory 323 difficulty/unsatisfied inspiration. These results demonstrate important sex differences in the sensory 324 experience of dyspnea and potentially suggest that women experience more distressing or unpleasant 325 forms of dyspnea at exhaustion. This is an important observation because these sex differences are 326 emerging even in young, healthy, and physically active men and women. It seems reasonable to 327 speculate that these sex differences in the quality of perceived dyspnea might become amplified when 328 age-and/or chronic cardiorespiratory disease are superimposed on women's biologically smaller lungs, 329 narrower airways, and weaker respiratory muscles (19). We speculated, therefore, that previous studies 330 reporting higher levels of activity-related dyspnea in women (10, 15, 16, 27, 32) may be related, at least 331 in part, to hitherto unexplored sex differences in the qualitative dimensions of dyspnea. More 332 specifically, individuals who are mechanically predisposed to developing more distressing forms of 333 by 10.220.32.247 on July 12, 2017 http://jap.physiology.org/ Downloaded from dyspnea may self-report higher levels of dyspnea compared to those that experience less distressing or 334 unpleasant forms of dyspnea, although this requires further detailed investigation. 335
336
Determining the precise mechanisms underlying the observed sex differences in qualitative descriptors 337 of dyspnea remains a challenge because differences could reflect physiological and/or psychological 338 factors. In a sub-group analysis, we were not able to identify any statistically significant differences in 339 baseline characteristics between the women that selected the phrases "I cannot take a deep breath in" 340 and "my breathing feels shallow" compared to the women that did not select these phrases. 341
Nevertheless, the present study may provide some mechanistic insight from a physiological perspective 342 based on the breathing pattern and operating lung volume data. For example, we observed differences in 343 V T and breathing frequency between sexes indicating that women adopt a more rapid and shallow 344 breathing pattern to perform the same standardized physical task and to achieve similar levels of V E at 345 higher work rates ( Figure 5 ), a finding consistent with other studies (19, 41, 44) . This observation may 346 partially explain why women were more likely to describe their breathing as shallow at end-exercise. 347
The EILV response ( Figure 6 ) suggests that women also have a tendency to breathe closer to their total 348 lung capacity (i.e., closer to the upper alinear extreme of the respiratory system's sigmoid pressure-349 volume curve) relative to men, at least at similar absolute submaximal work rates and levels of V E . The 350 greater V T constraints in the setting of a higher V E /VCO 2 response ( Figure 5 ) may be associated with 351 greater dissociation/uncoupling between respiratory neural drive and the mechanical output of the 352 respiratory system in women vs. men, particularly near the limits of exercise tolerance. Collectively, 353 these factors may explain, at least in part, why women were more likely to select phrases related to 354 inspiratory difficulty/unsatisfied inspiration at maximal exercise. However, this remains speculative 355 since a direct causal relationship cannot be determined based on our experimental design. Future studies 356 are required to directly manipulate operating lung volumes in women to determine if there are important 357 sensory consequences. The higher selection frequency of phrases related to inspiratory 358 difficulty/unsatisfied inspiration may also be related to unmeasured differences in the mechanical work 359 of breathing. Recent evidence suggests that the inspiratory resistive work of breathing is elevated in 360 women (20) due to their smaller diameter airways (45). Whether women sense the increased resistive 361 work remains to be determined. Thus, future studies are needed to determine if there is a link between 362 the inspiratory resistive work of breathing, airway size, and qualitative descriptors of dyspnea in women. 363 364 Methodological considerations. There are some limitations to this study that must be acknowledged. 365
First, we tested young, healthy, normal weight, and physically active adults. As such, our results cannot 366 be extrapolated to sedentary individuals or those that are elderly, overweight/obese and/or have chronic 367 cardiorespiratory disorders. We intentionally recruited physically active younger adults rather than elite 368 athletes or sedentary individuals because we believe that this population represents the "normal" 369 dyspnea response to exercise. In other words, our results are not confounded by deconditioning in 370 sedentary individuals or by the very high ventilatory requirements of elite athletes. Thus, our study 371 represents an important starting point so that future studies can examine sex differences in the 372 qualitative dimensions of exertional dyspnea across the continuum of age, cardiorespiratory fitness, and 373 disease severity. Second, our groups had statistically significant differences in age, BMI and 374 %predicted VO 2 max. While statistically different, the absolute differences between groups for age and 375 BMI were small and unlikely to have an impact on our outcomes. The group differences in %predicted 376 VO 2 max may have influenced some of our results. However, the observed group differences in the 377 sensory intensity and qualitative dyspnea responses were, if anything, underestimated by having women 378 with modestly higher relative fitness levels than men. Third, we did not include the assessment of 379 unpleasantness or the emotional response to dyspnea in this study. The recently developed 380
Multidimensional Dyspnea Profile, which evaluates sensory intensity, unpleasantness, sensory qualities,and emotional responses (2, 35) may shed additional light on sex differences in dyspnea across the 382 spectrum of health and chronic respiratory diseases in future studies. Fourth, we did not formally collect 383 a pregnancy history from our female subjects. It is possible that a previous pregnancy could alter the 384 intensity and/or affective dyspnea response to exercise compared to nulliparous women. Nevertheless, 385 most women in our study were young university students, the majority of whom (66%) were using oral 386 contraceptives or intrauterine devices. Finally, the reliability of the dyspnea descriptors during exercise 387 has not been systematically investigated. However, in a recent study, Laveneziana et al. (29) conducted 388 incremental and constant work rate exercise tests on separate days in patients with chronic obstructive 389 pulmonary disease and found remarkably similar dyspnea descriptor selections using identical methods 390 as in the present study. This suggests, albeit indirectly, that participants can reliably select these 391 phrases, independent of the exercise protocol. 392
393
Conclusions. This study is the first to provide a detailed characterization of the complex sensory 394 intensity and qualitative dyspnea responses to progressive exercise in a relatively large number of 395 healthy, young, normal weight, and physically active men and women. We have shown that perceived 396 "work/effort" of breathing is the dominant qualitative descriptor throughout exercise in both sexes. 397
However, women were more likely than men to report sensations of inspiratory difficulty/unsatisfied 398 inspiration and of shallow breathing at end-exercise. These sex differences may be related to differences 399 in breathing patterns and the behavior of dynamic operating lung volumes (particularly EILV) during 400 exercise. These findings in healthy adults may have important clinical implications when inherent sex 401 differences in pulmonary anatomy and physiology are superimposed on an ageing and/or diseased 402 respiratory system. In this regard, sex differences in the qualitative dimensions of exertional dyspnea 403 may help explain why women with chronic respiratory conditions consistently report more dyspnea than 404 their male counterparts, despite similar levels of disease severity (10, 15, 16, 27, 32) ; further studies are 405 necessary to determine the presence and nature of such relationships. 406 and women for a given V E were only performed at the 75, 100, and 125 work rates since V E was not 576 significantly different between groups at these intensities. * significantly different from males, p<0.05. between men and women for a given V E were only performed at the 75, 100, and 125 work rates since 595 V E was not significantly different between groups at these intensities. * significantly different from 596 males, p<0.05. 597 
